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ABSTRACT

The objective of this program has been to investigate rf interaction
circuits and stagger-tuning techniques leading to al leamst a fifty percent
improvement in the 1 db bandwidth of high-power klystrons over the current
state-of-the-art.

In this report, the findings of the final phage of this contract are
presented. The mejor part or the effort during this final reporting period
included: <the completion of large~signeal efficlency calculations across
the band assuming a filter-loaded output resonator, the final theoretical
degign of the buncher section, theoretical stablility calculations on the
filter-loaded output resomator, and cold test measurements on a filter-
loaded extended-interaction resonator,

The meagured interaction impedance obtained with the cold-test filter-
loaded output regonator closely approximated the impedance assumed in the
theoretical efflciency calculations. The final buncher section, designed
with the ald of the gmall-signal coupuber program, yielded & nearly constant
rf drive cwrrent ic the output resonator, ss was assumed in the large-signsal
efficlency calculations. The small-signal analysis indicated that conven-
tional single-gap resonators sre to be preferred over extended-interaction
resonators in the Klystron buncher section at the high power level con-
eldered in this study.

The comwbined results of the anall-signal anslyses, the large-signsal
enalyses, and the cold tegt meassurements carried out during this contract

show the feasibllity of building a 5 megawatt peak-power C-bend klystron
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ABSTRACT (Continued)
amplifier with a 1k percent 1 db bandwidth, with & predicted efficiency :
of nearly 50 percent, and with a predicted galn of more than 30 db. The !
f only element of the final klystron model which is not comventionally found :
! t
i f in Xlystrou amplifiers is the filter-loaded two-gap extended-interaction :
i ;
i ] ouiput rescnator.
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) FOREWORD

This document is a report of the work perrormed on Contract DA 28-043
AMC-01362(E) during the final period.
‘ The program was carried out in the High Power Microwave Tube Laboratery.
The princlpal engineers werc Erling Lien, who served as project leader, and
Darrell Robinson. Another major contributor during the rinal period was
Marta Perry (mathematician).

Sponsorship and direction of the progrsm were from the U.S, Army
Electronics Command, Fori Monmouth, New Jersey, The assigned Army Project

Engineer was Park Richmond.
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1. INTRODUCTION

—

e Rl Vi WSl i e

The obJective of this program has been to investigate rf interaction
circuits and stagger-twilng techniques leading tc at lesst a fifty percent

improvement in the 1 db bandwidth of nhigh-power klystrons over the current

state-of-the-art. The possible :zethods by which this objective might be
met were studied both theoretically and with cold tegting. The c¢old teat

measurements provided a basis for the values of the parameters used " the g

latest theoretical calcdylations.

g W

A design exmuple of a 5 megawatt C-band klystron was chosen for the
.inv stigation. Design goals for this tube included a 14 percent 1 db
bandwidth, s minimum sat.irated gain of 35 db, and & minimum efficlency of
.35 percent. All tube parameters wers chosen to be consistent with present
day tube techniques. The values of the klystron parsmeters originally
chogen for the calculatlions were listed in Section I of the First Quarterly
Report. These parameters were altered only slightly during the course of
the contrsct (See Section IbII , Part B of this repcrt for the iwu changes
that were made).

The study of the example klystron was divided into two genersal aress:
the buncher section and the output regonator. Considered for use in the
bunicher section were conventional gingle-gep resonators, and two-~gap n-mode
and 2Zn-mode extended- nteraction resonators. Candiaates for the output
rescnator included the conventional resonators, the two-gep extended-inter-
action resonators, and filter-loaded vergions of these same types. By the

s end of the previocus quarter the cholce of buacher reaonators had been

-1 -
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narrowed to either conventional single-gap resonators or n-mode extended-
interaction resoustors. A two-gap n-mode regonstor with singie-gection
filter loading was selected for the klysiron output. The reasons for
these zholces were given in the preceding quarterly reports.

During the present reporting period, lergc-signal efficiency calcula-
tions were completed on a x-mode filter-losded output resonator at a num-
ber of frequencies across the band. Once the large-signal analysis weas
complete, showing that the rf current from the buncher section should be
nearly constant wlth frequency, the design of the buncher sectlon was
finalized. The characteristics of the filter-loaded resonator were studied
in more detail both theoretically and in cold test. The theoretical study
was concerned primarily with the resonator stability. The progress in
each area of investigation is discussed in the gections following. At the
end of the report some conclusions are drawn from the findings of this

contract, and recommendations for future work sre presented.




II. LARGE-SIGNAL ANALYSIS OF THE OUTPUT REGION

Introduction
During the previous quarter, a number of different types of
output resonators were analyzed for theilr large-signal p - rformance
at the center of the band. These included single-gap resonators
and two—gaﬁ extended-interaction resonators operating in either the
x mode or the 2n mode. It vas seen that a n-mode resonator with a
normalized gap-to-gap spacing of approximately 2.2 radlans gave

the best results at the loading required to yield a 1L percent 1 db

" bandwidth. It was further shown that the addition of a single-sec-

v tion filter to the output resonator substantially raiced its inter- i

action impedance and also the output efficiency. :

g

During the period covered by this report, the invesiigation of

0, oW

section filter loading. Its large-signael operation was studied at

g ’ the large-signal behavior of the klystron has besen extended to cover

fi the entire operating frequency band. In view of the results from

é the previous quarter, the output resonator chosen for the klystron :
? model was a two-gap n-mode extended-interaction resonator with single-

£

&

five different frequencies: the center of the band, at the two band
edges (where hoth the frequency and the resonator impedance phage
angle have their extreme values), and at the two frequencies where
the real part of the resonator impedance is a maximum. The details ;

of this analysic and the results are discussed in this section.




~ . - s o B VU N

B. RF Beam Current from the Buncher Sectlon

It was shown in the Third Quarterly Report that the equation
used to compute the output conversion effliciency in the large-signal

computer program can be written 1n the following form:

I 12 I |j2
1 1z [|1a 1 [X=[}® Re (2)
" " 2z I cos § = 5|71 Z (1)
[¢] o} (o) o) !
where: : i
|14 £

T = normalized induced current msgnitude in the output K
' o resonator o ;
:
Z, = dc beam impedance ! |
Z = output resonator interaction impedance § f;

"= (Z) = real part of 2 :

& = output resonator impedance phase angle %

In order for the output power variation to be less than 1 db
across the band, the output resonator impedance and the rf current
ariving the resonator must be tailored until

L

C
Pr—— > O.F{9h
&ﬂc)max - ‘

—~
no
~—

Initially, it was assumed that the best way to achleve this
goal would be to have an output resonator whose impedance was sym-

metrical about the center oi the band, and to have the induced rf

-4 -
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. current in that reepcnator ss constant as possible at each freguency.
It was further assumed that the induced current would be nearly con-
stant 1f the rf current driving the regonator was constant. (It was
expected that there would be some change in the current induced at
differeat frequencies by a constant drive current due to changes in i

the beam remodulation within the output resonstor. That this is true

will be shown later.) Accordingly, at each frequency where the large-

signal bebavior of the buncher was studied, the voltage on the pre-

penultimate resonator (the first resunator analyzed) was adjusted

until the signal level at the position of the output resonator simu- i
lated saturation conditions, and the value of the rf beam current

at that location was egsentially constant. In each case, the volt-

- o Ry S O A T 7
we, ot 1 AR i s S a LRI R e S o e i i ila i

* ages on the penultimate regonators were chosen to make the resulting

penultimate impedances consistent with the assumed operating frequency

Wt e

g

and resonator detuning. Curves have elready been presented in pre-

. e

vious reporta showing the fundamental component of the rf beam cur-

rent in the output region of the tube at the band center and at the

ey, T

band edges. The curves for the other two frequencies investigated

g

are similar. The regults for all five frequenclies are summarized in
Table I below. 'Il|/Io is the normalized fundamentsal component of
the ri current from the buncher at the center of the output resonator.
The values of Oi and Oé are the normalized rf voltages on the two
gaps of the extended-interaction prepenultimate reponator; & and ah

3

- are the voltages on the penultimate resonator gaps.

- -5 -
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TABLE 1

Normallzed

. 1

Frequency ' 1
ayhb I, o =0, o @,
0.93 1.k .20 .173 2206
0.9 1,32 185 AT 234
1.0 1.l .15 .21 .30
1.0 1.h406 095 257 L4466
1.07 1.7 .07 276 565

As seen, the rf drive |Il|/l'O 1s approximaiely constant over the
band.

It should be noted that at each new Irequency, ul). tube pareme-
ters which are normalized tu frequency were adjusted. The correc-
tiors involved the normalized gap parameters, normalized axial dis-
tance, and the space-charge wave reduction factor.

C. Output Resonutor Model

The results presented in Sections IV and V of the Third Quarterly
Report indicated that, from an efficlency standpoint, the best output
resonator for the tube model under study is & n-mode extended-inter~
action resonator with filter loading. This is the type of resonstor
which hasg been assumed in the large-signsl calculations across the
band. (We have restricted the number of gaps in the extended-inter-
action rescnator to two, and have consldered only single-section fil-

ters in owr study.) The normalized gap-to-gap spacing chosen for the

-6 -
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two-gap regonator was 2.2 radlans, which is near the optimum value
at the loading required to achieve a 14 percent 1 db bandwidth.

For the purpose of fluding the resonator impedeance as a func-
tion of frequency, we have chosen to repreasent the iwo-gap filter-
loaded structure by the game two-mesh equivalent circuit that was
used in the earlier analysis of double-tuned buncher resonators {Sce
Flg. T of the Second Qusrterly Report). The two-gap resonator is
agsumed to be replaced by a single circuit whose frequency, Q, and
R/Q are equal to the respective quartities of the oversll two-gap
resonator in the n mode. The gsecond mesh of the equivalent circuit
repregsents the filter cavity. It is felt that the single-mesh repre-
sentation of the iwo-gap resonstor is valid as long as the separation
between the {wo resonator modes is sufficient to assure negligible
excitation of the non-operating mode. (This cordition is satisfied
in the cold test structures on which meagurements have been made.)

As a check on the validity of this assumption, the resonator imped-

once predicted by the two-mesh circult was compeared with the imped-

ance predicted by the more exact three-megh equivalent circuit being
used in the investigation of resonatnr stability (See Section IV of

this report). The agreement was good.

For the calculation of the large-signal behavior of the output
reponator, its axiagl electric fleld was agsumed to be & single-period
sinuscidal field. (The large-signal program at present allocws only
constant, sinusolidal, or cosinuscidel gsp fields. To use the actual

gap fleld in the calcuwlations would require a mujor modification of

-7 -
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the program,) This asssumed field model has been compared with the
actusnl field on the axis of the resonatovr (obtained by perturbation
metbods)}. The two fields are almost identical except near the ends
of the resonator, where tha actual field tapers off more gradually
than the sinuscidal field. Calculations performed to evajuate the
effect of this ¢'fference indicate that the efficiency obtalined with
the real reponator may be from one to four percent lower than the
efficlencieg computed with the sinusoidal field.

Output Efficiency Across the Band -

The rf beam current obtained from the large-signal anslysis of
the buncher sectfon, summarized in Table I, was used to drive a two-
gap n-mode filter-loaded output resonator. Some of the general as-
pects of the output resonator model have been described above. The
particular impedance vs. frequency curve assumed in the calculations
is shown in Figs. 1, 2, and 3 in which the real part, msgnitude, snd ;
phase angle of the impedance are plotted, respectively. The resoua- -
tor paremetcrs are listed ou the figures. As before, the subscript
1 refers to the resonator coupled to the beem while the subscript 2
refers to the filter cavivy.

The resulting output conversion efficiency computed at each
frequency is listed in Table II.

The values of normalized efficiency from the table are plotted g
vs. frequency in Fig. 4. For comyarison, the real part of the reso- |
nator interaction impedance, nomalized to the maximum-value, is
also plotted in the figure.

-8 -




R L

B RIS i mmsnn s

010

.Aadowwokomnpy JI07RBUOS3I

~ndsno Taprol-43iT1lY © JO aourpaduT uOTROTISZUT 3UL JO aqed Teayg - T 9N

e0'0 200

2/ (°C5 - ™M)
+0°0 200 g0 200- 00~ 900- 00~ cl'o-

T ,0!

|
~_
m
:
|
]
|

N : -
i 4 \I\l ] a
N T - et RN
— — S e g RGN
4 - _ — ~ '
o]
%
. )
; X
| Fe
] wn
S&i'o = 1/ <z mﬂa\d.\r _AG\& IR
us =D coG ' . [
Lo0 =) ewo =/ (Fr-T I IR T
L. 4 eo_

e e ] TR e et S BTG e - LA




L1y oo TECRTRELE - e

*{T89¥3310343 )
IPNITUTBE 30UepadW] u0T3oeI3lUT JGieuosax 3ndino papsoT-I33TVWd - 2 "5 .4
/(%7 -m)
gI'c 800 900 00 200 00 200- $00- w=0'0- Q00- 0I'0-
T T 1 - NO—
~
Y
- — me— Olo
)
Sero - /e 2= (0/a) - (o/a)
oS =0 ©00Z =G
200 = f(%r"m) 600 =Y (°-'1)
r N L " ' — ._vow




- *(reoTiaIosys)
uTZuc aseyd souspsdw UOT30BIALLT JojvucSaz jrdino pepBOT-I33TLd - ¢ 914

o/ (°co - )
o/0 800 %0'0 100 200 00 200- $0'0- 20°0- 200~ ¢I'o-
Z'\=-

VAW 1 El,.w e — e et __wfilt;if - x# -y — 01~

T A A R S Al AR Rl B A e AT

R T /7/ Vo
1T 2°Q
-1 _T nm.o
- sel'c="1/°1 St uﬁq\av < (o/4) // o
s =D 0702 =Y -
ﬁl 200 =°7/(°r-*7) 600 < oQ\Aowo,.,\qw : 2
i 1 A ! H ] ! 1 | v

RS L L TR
3

EE T

- 11 -




N T

* gouwpoadmy

uoj3ovIasuyl JojsuosasL qndino ayj3 Jo ged Tral sy} JO UOTIEIIvA
3y} Y1im poxedmos pueq 9yz B€CI0T LCTSETIEA LfOUITITIIS PojeInNTs) - #1 914

0 200 Y00

/(e

20°0 e XV 200~

|3v

P0'0- 9200- 8O0-

T m Q'Q
] B N N T TR B B
L6y = *vNlY
| ! . Z . 1200
a _ 61 = ..\MJ S e Ae\avlexmv o
4 " . N - R ~
BNOILYINDIVD . o nwom NG . 0 Oonoo .N\, ﬂ
_ 1 tvvaes - agav £0°0 = /(7 - ) 600 = " /' - lrm) -—{p 00
WO23  AINIIDIa33 O 30°¥A3dN] TOLYNOSTY Q3QAVOTI- 2L N e Eo
) . N\
N . N
| 20%
! o
b— —- : - -3 ~ - \\ 0
i
| I:ﬁ,\/*l!lli - \ w.o,m
_ T ? m
¢ i




o

ML . . A8 bk on e L

b RE e EaEll L AERAL AR T R e

TABLE I1

Normalized 1

Frequency Efficiency, e
u/ub Ll M
0.93 47.5% .96
0.9 49.2% .99
1.00 44,8% .90¢
1.09 k9. 6% 1.00
1.07 K2.1% -85

Since the frequencles at which the efficlency was computed
represent the extreme points of both the real part of the impedance
and tne impedance phase angle, it is expected that the efficiency at
frequencies between the points Jf calculation will lie on a smooth
curve between the peints. Thus, with constant beam power, the varia-
tion of the rf output power will be less ithan 1 db across the entire
band for the casc illustrated. The results presented here demonstrate
the feasibility of obtalning & 14 percent 1 db bandwidth at a good
efficlency level. is feasibility 1s, of course, contingent on the
abllity to obtain a constant rf drive current from the buncher across
the band and an output resonator interaction impedance curve similar
to the one assumed. These latter considerations wili be discussed
more in the sections to follow.

Referring to Fig. 4, the fact that the points of normalized
efficiency lie above the curve of normalized impedance at the low

end of the band, whereas the rf drive current to the output resonator

- 13 -




is actually lower at that end of the bund, 1s an indication of

the decrease in the beam remodulation within the output resonator
as the frequency increases. The quantitative aspects of this phe-
nomenon are illustrated grephically in Figs. 5, 6, wad 7. The
normalized fundamental rf beam current is plotted as a function of
normelized distance at three different frequencies. The dashed
curves show the rf current from .he buncher section with zero volt-
age on the output resonator; the solid curves shaw the current with
the output resonator present. It is seen that there is a consider-
able remodulation of the beam at the low end of the band, a small
ampunt of remodulation at the center ot the band, and a net demodu-
lation of the beam at the high end of the band. This general be-
havior was anticipated from the smell-signal analysls of extended-
interaction resonators, but the actual msgnitude of the change in

the beam remodulation with frequency was not known until the large-
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ITI. SMALL-SIGNAL ANALYSIS OF THE BUNCHER SECTLON

A. Introduction

In the previous section 1t was shown that an cutput power varia-
tion of less than 1 db can be obtained over a 1k percent range of
frequencies with the particular output resonstor assumed, provided
the rf current driving that resonator is aspproximately constant é
across the band. The large-signal analyeis, in which that rf drive
current vas nearly constant, was started at the fourth (prepenulti-
mate) resonator of the tube rather than at the input. It is natural |
to question whether or not, starting from the input resomator, a
reagonable buncher section can he designed which will provide the
desired rf current te the output resonator. The small-zignal com-
puter program was used to answer this gquestion. (It would have been :
costly and time conswming to have carried out the large-signal
analysis from the i;put of the tube at all five frequencies investli- !
eated, This 1s because of the nature of the largs-signal computer
program, in which the klystron is analyzed one resonator at a time
in a sequential manner.)

It wlll be seen in this section that it 1s possible to design
& buncher with a small-signal galn variation of less than 1 db over s
14 percent bandwidth, with a gain level of about 36 db, and with
reasonable power dissipation in the loads of the externally-loaded
regonators. In addition, the small-zignal rf voltages and currents
of this buncher are compared with the large-signal voltages and
currents from the previous section.

- 18 -
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S&isll-Signal Guin-Bandwidth Responses

Some pmali-signal galn and phase vs. frequency respouses of
the kKlystron buncher section nave been presented ln earlier reports
of this contract. These responses vere not presented as finalized,
but only to illustrate tue feagidility of obtaining & reascnably
flat gain over & 1) percent bandwidth, and at & reasonable galn
level. Final refinemen! of the buncpher section wes postponed until
the results oFf the large-gignsl snalysis could be used to more
closely define the desired buncher characteristics. Once these
results were known (that the rf drive curreat to the output reso-
nator should be nearly constant scross the band) the theoretical
development of the buncher section vas resumed.

1. Punchers With Only Conventional Rescnators

The klystron model used for the latest calculations on
buncher sectione containing only conventional single-gzp reso-

2
(o]

A —

natore i shown in Pig., €. Thls is the same model thal war
used in the earlier calculations with the following exceptions
(See pages 70 and "4 of the First Quarterly Report): the tube
length was increased slightly to eliminate a gain zero near
the high end of the band, the R/Q valces used were based on
cold test information, and the output rescunator was changed

tc & a-mode rescnstor to be consigtent with the large~signal
analysis. In addition, the asgpumed normalizea length oi each
interaction gap was changed from 1.0 to 1.z radians. Other-

vige all the tube parameters were the same a&s liet=d in

« 19 -
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Bection I of the First Quarterly Report.

As before, in order to eliminate the emall-pignal response
of the outpul regonator from the calculations and thus obtain &
true plcture of the response of the buncher section only, the Q
of the output rescnator was sct equal to unity. The overall
Impedance of the resonator was, hovever, maintained equal to
the correct value {which for tne latest calculations was the
izxpedance of the [ilter-loaded resonator asavmed in the large-
signal snalysis).

The gain vs. frequency response of one canventional-reso-
nator buncher section whose small-gignal gsin 1s flat within
1 db over the 14 percent band is shown in Fig. 9. The tuning
and totnal Q of each resonator is indicated aloag the bottom of
the figure. The first four resonators are assumed to be ex-
temally loaded while the penultimate resonators are loaded
only by the besam (QB = 134 for all the buncher resonators).
Calexiations showing the power dissipation in the resonator
iloads to be ressonable are included later in this section.

The phase vs, frequency response of this buncher, not including
the linenr variation dve to the beam transit time, is shown in
Fig. 10.

The results displayed in these two figures illustrate the
feegibllity of producing a kKlystron which has a saturated galn
of over 30 db across a li percent band, and which contalns

orly coaventional resonators. In part C of this section the
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characteristics of the particular buncher presented albove
will be related to the characteristics cssumed in the large-
slgnal analysis.

Bunchers Witbh Extended-Interaction Resonators

Small-signal gain and phase ves. freguency calculations
vese algo performed on buncher sections in which the first
four regonators of Fig. 8 were replaced by two-gap = -mode
extended-interaction resonators, The earliesi galn-bandwidth
calculations, presented in the First Quarterly Report, suge-
gested that this type of buncher is superior to conventional-
resonator bunchers. But these preliminary calculationus were
done before the computer program had been modified to account
for the frequency variation ot the parameters (e.g., coupling
coefficients and beam-loading conductance). In addition, the
asgumed values of R/Q were considersbly higher than have been
obtained in cold test.

In the latest gain-bandwidth calculations, 1t has not
been possible to obtain as good a performance from extended-
interaction-resonator bunchers as fram conventional-cavity
bunchers., A typlcal gain vs. frequency curve obtained is
ed in Fig., 11. The model uged for this calculation 1s
shown in Fig. 12. 'The R/Q values used for the second, third,
and fourth resonators are based on cold-test measurements (See
the Second and Third Quarterly Reports). The R/Q value of

the input resonator, lower because of 1ts greater length, wag

- 24 -
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eptimated. The last three resonators of the model are the
eame as in Fig. 8. |

It is appuarent that the gain curve of Fig. 1l is not as
desirable as the gain curve of Fig. 9 and, by cowparison, is
not acceptable. Various other combirations of regonator spac-
ings, tunin;s, and Q's were tried with extended-interaction
bunchers, but in no case tried could a flat gasin respnse be
obtalned. Furthermore, in no cage tried was the gain level
appreciably bigher than in Flg. 9.

It 1s believed that the explanstion for the poorer per-
formance of these hunchers lies mainly in the rapid frequency
variation of the coupling coefficients and beam loading of the
extended-interaction resonators combined with the fact that
their R/Q values are only a little greater than those of the
conventionsal resonators. The relatively low values of R/Q
are a result of & mumber of factors. TFor one, in this con-
tract we have restricted ourselves to single-mode extended-
interaction resonztors. In order toc asswre single-mode opera-
tion, the reson:tor cold bamdwidth must be large, with a con-
sequent sacrifice in the R/Q. Another factor in the low R/Q
is the rather large drift tube diameter to resonator diameter
ratio. This ratio in tufn was determined by the chosen pover
level, frequency, and the reasopable values assumed for the
beam perveance, bear ares convergence ratio, and beam diameter

to drift tube dismeter ratlio.

a7 o
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In view of our findings to date, we conclude thai con-
venlional resonators are to be preferred in the buncher sec-
tion at this power level and frequency. It should be pointed
out that this conclusion does not necessarily hold at lower
power levels a.nd/or lower frequencies. Nor would it neces-

sarily hold if mode overlapping were allowed and made uge Hf in

TR

the extended-interaction resonators.

C. Comparisons Between the Small-8ignal and Large-Signal Analyses

Sl

The results of the large-signrl analysis, presented in Section

II, showed that if a filter-loaded output resonstor is to be uged,

v ek b

the rf drive current to that resonator should be approximately con-

O R

stant across the band. Starting at the fourth (prepenultimate)
resonator of the tube model (Fig. 8), the large-signal snalysis R f

also demonstrated the possibility of obtaining a constant satura-

ik

tion-level rf current at the output resonator at each frequency.

W

The small-gignal computer progrem was used to stvdy the buacher 3
section from the input., In part P of this section a buncher re- §
sponse was presented showing nearly constant small-sigual gain
across the band. Since constant buncher galn, cambined with con-
stant input power, implies constant drive currvent to the output

resonator; Woth the large-signal and small-signsl calculations of
the overall buncher resgponse are in close sgreement, However, be-
cause the large-signal computations were begun at the fourth reso-
netor of the tube, ipgtead of at the inmput, a more detalled com-

parison was made between the results of the two anslyses.

- 28 ~
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(The remson for atarting the large-signal snalysis at the
fourth resonator of the tube lies inm the nature of the large-
signal computer program, The program does not compute the imped-.
ance of each resopator from input values of Q, R/Q, and resonator
tuning. Rather, the basic input quantities to the program are
the beam parsmeters and the location, field form, and rf voltege
(megpitude and phase angle) of cach interaction gep. The program
then calculates the rf beam current as & function of dimstance and,
&t each gap, the induced rf current, impedance, and conversion effi-
clency. If the calculated iwmpedance at any gap 1s incorrect, the
assumed value of gap voltage magnitude and/or phage angle must be
ad)usted to correct the impedance. The proper voltage for any one
sap can usually be esgtimated very closely provided the rf beam cur-
rent arriving from the preceding gaps is known. For this reagon,
the tube is usually analyzed one resconator at a time, in sequence.
It is therefore te coptly and time consuming to analyze a com-~
plete seven-cavity tube with this computer program, especially at
wany different frequencies. A new large-signal computer program
which will sutomatically iterate the gap impedances is under develop-
ment, but is not yet complete. The large-signsl analysls was there-~
fore begun at the cavity immediately preceding the two penultimate
resonators. )

The comparison between the two analyses was carried out by
looking at the rf currents and gap voltages from the two coaputer

programs. The large-signal currents and voltages from Section II

- 29 -
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werc compared with the small-signal currents and vo.tages from
the buncher section of Fig. 9. It would not e expected that the
magnitudes of these voltages end currents from the two prograns g
would be the same, but it is reasonable to assume that the munner ‘
in vhich they vary with frequency should be similar. z

The large-signal rf gsp voltages and the 7 current driving

the output resonator were listed in Table I, page 6. The smail-

a0 s N

b . signal gap voltages for the buncher of Fig. 9 sre ploited a8 &

v
1 A P,

: function of frequency in Fig. 13. The small-gignal rf currents

at the entrsnce to each resonator are shown in Fig. 14, (The in-

R,

put current to the first resonator was equal to unity at all fre-
quencies., ) 3 i
! An examination of Fig. 14 shows that the cwurrent at the out- l %

put resonator from the small-signal yprogrem is constant within &

few percent over the band, as it was in the large-signal case,

The two currents are compared more directly im Flg. 15 where they

T 1} Ty e

are plotted normalized, separately irn each program, to the value
al the center of the band. The choice of the normalization fre-
quency was arbitrary. In both cases, the current varles less than
‘ five percent from the value at the center of the band.

One important difference between the small-signal and large=-

b signal currents was revealed by the comparison between the two

analyses. For the purpose of the large-signal calgulations, the
rf current at the fourth resonator was n.ssxmgd to be zero. An

inspection of the current at the fourth restmator in the swmall-~-gignal

-30 -
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calcuiations (Fig. 1%) indicates that thig spsumption was reason-
able at the high end of the band but 1s questionable at the low
end of the band.

To evaluate the error introduced into the original output
efficiency calculations by this assumption, the large-glgnal com-
putations were repeated at the low end of the band starting from
the third resonator. The entire analysls was performed in jJust
two computer runs, rather than one resomator at a time as is usually
done. All four buncher resonators were analyzed in the first com-
puter rm by choosing the two penultimate voltages to be the game
as before, and setting the voltages on the third and fouwrth rego-
nators to be in the game ratio to the first penultimate voltage as
they vere in the small-sigrnal case under comparison. The output
resonator wag added in the second computer run, which started from
data storsd in the first run. Also, to be consistent with the
small-pignel cese, the fourth resonator was sssused to be e single-
gap resonator instead of the two-gap extended-interaction resamator
used previously., The results of this new analysis are displayed in
Fig. 16 (Bee Fig. 5, page 15 for comparison). As can be seen, the
rf beam current driving the output resonator is lower than before,
and the peak of the current £rowm the bumcher is located beyomd the
center of the resonator gap rather than slightly ie froat of it =s
in the previous case. Furthermore, the resulting iwpedance walues
for the two penultimate regonators are slightly high (indicated on

the figure by the lower values of detuning). To correct the
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impedonces, the penuliimate gap voltages should be lowered which
in turn would further lower the rf beam current beyond the penul-
timate sgystem. However, because the beaw is not completely bunched
at the outpul resonator gap, there is a greater remodulation of the
beam within the resonator than before. 'The output conversior effi-
clency in this new case is 49.8 percent, which is higher then the
former value of 47.5 percent at this frequency. Had the perultimate
impedance values been correcled, the new value of efficlency would
have been lower and probably closer te the previcus walue.

From the outcome of this last analysis;, 11t is apparent, that
only s small error wes introduced at the low end of the band by
starting the large-signal calculetions at the fourth resonator,

rather than at the third or an earlier resonator. In additiorn, since

the assumption of zero rf current &t the fourtk resonmator is most

seriously viclated at the lower band edge, it 1s reasonable to assume 1
| that the efficiency values computed at the other frequenciey would
. not have been significantly different had the large-signal analysis :

b been started at an earlier resonator. We feel therefore that the

efficliency-bandwidth conclusicne reached in Section II are wvalid.

i D. Power Dissipation in the Buncher Loads

Avax

e
41

DY el P - e )
first four bumcher resonetors would have to be externmlly

loaded to achieve the Q values agswsed in the small-signal analysis. i

The power dlssipated in the loads of these resonatore can te celcu~

- <A

lated from




Where

v = 1T gap voltage

R/Q = reponator impedance quality factor
Qe = external Q

The highest power dlssipaticn will be in the loads of the third
and fourth resonators where the gup voltages are the highest. The
curves of Fig. 13 show that the gap voltages on these reponatore are
a maximm at the lower band edge. This is the frequency at which
the power calculations were performed, The actual gap voltages used
in the calculations were obtalned from the large~signal snalysis
(See Fig. 16). The pertinent quantities are listed im Table III

below.

TABLE III
A
R;sonator <, Q Qg R/Q a= -l—-]-
umber 0
3 30 134 39 110 .18
4 %0 134 57 110 .13

If these mumbers are subgtituted imto Eq. (3), the average
power diselpated in the loads during the time the beam it on 1e

obtained, ¥For the third resonator, this power turns out to be T4 kW,
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and for the fourth resomater; 26 XW, If the tube were operated
at a pulse duty factor of 0.0l, the average power dlesipated in
the loads of these resonators would be T4l watts and 260 watts,
vespectively.

The beam voltage and beam current sssumed in both the large-
signal and small-signsl analyses were 140 kV and 105 A. 'The cor-
responding peak beam power 1s 14.7 MW. At an efficiency of 48
pvercent, the peak rf output power would be approximately 7 MW amd,

&l the duty factor of 0.01, the average rf power would be ‘70 EW.

The maximum power dissipated in any one buncher load would be less
than one kilowatt, which is not unreasonsbly high for a tube of this
pover level, The maximum totzl pover digsipated in the buncher loads
would be about 1.5 percent of the rf cutput power. In view of these
regults, we believe that the conventionsl-resonator bumcher described

in this repcert is & proctical cne.
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IV, STABILITY QF TWO-GAP FILTER-LOADED RESONATORES

Introductiaon

In order to theoretically investigate the stability of the
two-gap filter-loaded output resonetors studled in this program, it
vug necensary to develop & new method for calculating the zitabiiity

of extended-interection rescnatoras. '[he theoretical basis for the

methnd iz presented in this gection in terms valid for extended-inter-

action resonators having eny mmber of interaction gaps and any num-
ber of sections im tne filter load. The application uf this method
10 8 two-gap x-mode output resonator with a single-~gection filter is
described. The degree of stability of the responstor in each of its
maln modes was calculated at a number of bzam voltages from 50 kV
to 140 kV. The resuits show that the resonator is stuble over the
renge of voliages investigated.

gtabslity Criterion

v o n el Lo E ot o ot re + R i e] P Lh EETTd
The conventiconel criterieon uged for determining the stability

of & resonstor is exprcgsed by
G, + G >0 , (%)

wheve Ge ig the small-signal beam loading conductence and Gc ig the
total equivalent circuit conductance of the resmmator. The ce leula-
tion of G, cun be readily performed by using Eq. (43) inm the First
Quarterly Feport provided the gap voltage distribution and the oscil-

lstion frequency ace known. This 1s normally the case for high-Q
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single-mode resonators. For & heavily loaded resonator with a
filter output, neither the gap voltage distribution or the likely
oscillation frequencies are known. We shall, therefore, use & mMore
general approsch in the following analysis which does not require s
previous knowledge of the oscillation frequency and the gap voltage
distribution in the resomator.

The analysis is based upon Eg. (57) in the First Quarterly

Report.

\
L W

U
min
[}e+,¥¢]x = 'Img-+_.f-£ (

Fqustion (5) gives the gap voliagem, expressed by the gap valtage
vector XI for a given rf modulation of the beam entering the resona~
tor. ze a.ndzc are the electronic and circuit interaction matrices.
The rf moduletion on the beem is characterized by an rf current I
and 8 kinetic voltage U, For convenience the rf beam parameters are
expresged in termp of the current and the kinetic voltage at the
posltion where the current is maximum. It should be noted that the
maximm value of the rf beam current Ima.x always occurs at the game
position as the minimm value of the kinetic voltage U i Ag will
be sapparent in the next paragraph, the definlitioms of the matrices
E and & are not importent in the following discussion. The reader
is therefore referred to the First Quaxrterly Report for the defiini-
tion of these matrices.

In the stability calculations, we are interested in the response
of the regonator to the dc beam. In this case, the rf cwrent modu-

lation I X and the kinetic voltage U in of the primary beam are
- 40 -
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wzero. = (I = . 5 :
equal to zero. By introducing Imax Uin 0 into Eq. (5) we

get
[Ie“‘lc].‘i’. -0 . (6)

The derivation of Eg. (5) was based upon a linear small-signal
theory. Saturation effects arc not described by the equation.
Therefore, once the resonator hes been exclted, the conditions of
stability or Instability are characterized by an exponential decrease

or increage in the amplitude of the gap voltage vector V with time.

- This behavior is described mathemetically by using the concept of

complex frequency

w = o +Jo 7 (M

wvhere both ' and ¢ are real., The resonator system is stable when
g > 0 and is unstable when o < 0.

The complex frqugncyfgs & standard concept used in circuit
enalysis. The reqﬁired modification of the circuit matrix is obtained
simply by substituting the complex frequency for the real frequency.
The direct substitution of frequencles is not directly valid in the
electronic admittance matrix., The use of the complex frequency in
the electronic interaction equations affects the spaceuchafge redquc-
tion factor and the gap coupling coefficient. The standard deriva-
tion of these two parameters is bmsed upon a real frequency (steady
state condition). In order to use the standard space-cherge reduc-

tion factor and the beam coupling coefficient, we shall restrict the
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analyses t¢ cases where the volltage smplitude 1s slowly varying
with time (0 < < w). This is not a severe restriction since we
are primarily interested 1n the sign of o. t
] ,'"’ Equation () represents & set of linear homogenous egquations

in the gap voltages Vb. In order that Z;be non-zero, the admittance

determinent must vanish.

N | | %+ X,

Equation (8) gives the characteristic complex freguencies of the

]
o

(8)

‘resonator with the beam present and is the basic equation for the
stability calculation.

C. Circuit Matrix

The equivalent circuit used to represent the w-mode single-

section filter-loaded resonator 1s shown in Fig. 17.

o

Referring to the figure it is assumed that the beam intersacts

with the two first cavities, while the tiird cavity represents the

loaded filter. The three resonator cells are coupled inductively by

the coupling inductances LOl and L02' The circuit admittance matrix

in Eq. (8) is defined by the relation

o

~
'el]
~

L:

I v
r~C A~

where E'&nd Y ere the induced current and gap voltage vectors repre-

sented by the column vectors

- 42 -
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[~ I - ~
I1 vl
I = 1 and V = v2 (10)
0 v
b - - 3—

The elements in the ocircuit admittance matrix arc found by applying
Kirchhoff's laws to each mesh in the equivalent ecircuit.

In the detailed derivation of the circult admlttance matrix we
assumed that the reactive components in the two first cells are identi-

cal: Ll = L2 and Cl = 02. The expression used in the calculations of

" the gap voltages vas

vV = C (I -1 ~ =C_ 1 11
P Y ( T P) P P (11)

wnich implies that the induced currents are neglected compared with
the loop currents.

Electronic Admittance Matrix

The beam interacts with only two of the three cells in the

equivelent circuit of Fig. 17.

T -
Ye,l 0 0
Y =Y, Y ., O (12)
~T C,.L C’C
0 0 0
b -

where Ye D 1s the electronic beam loading admittance for the p-th

3

interaction gap and Y2 1 is the transfer admittance between the first
2

and second gaeps. We are assuming that the two interaction gaps have

- W
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E
g
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identical geomeiry; therefore

y - Y - Y . (13)

The beax loading admittance Ye is in gemeral complex. However, the
susceptive pn.rt of the admittance recwults only in a negligible de-
tuning of the ragonator and is neglected in the stability calcula~
tions. We shall therefore replace the beam loading admittance by

the beam loeding conductance Ge‘ Therefore,

’ y
G 0 0
e
I = Yz’l G, 0 (1%)
0 0 0
— —

The transfer admittance Y2 1 and the besm loading conductance Ge can
" ,’-
b be derived from Eqs. (18) and (43) in the First Quarterly Report.

E. Belection of the Valueg of the Components in the Equivalent Circuit

In the calculstions of the output efficiency described in the
Third Quarterly Report, the filter-loaded two-gap extended~interaction

output regonator was represented by the szme two-mesgh equivalent cir--

e .

cuit uged for a filter-losded single-gap output regonstor. This was
& reasonsble mssumption since, as long as it is operating in a single
mods, an extended-interaction resonator can be represented by the same
equivalent circuit used to represent & single-gop cavity. The valuen
of the components of the more complete equivalent circuit of Fig. 17

required for the stability calculations must be selected to yield the

N -h5-




s TpBise . i bk

[

i

fn A m—— W S

same frequency variation of the interaction impedance as for the
simplified circuit described sbove,

Since the beam-circuit interaction takes place only in the two
first resonator gaps, the definition of the interaction impedance
will be based upon the drive current and voltages in these two gaps
alone. We shall assume that we have pure n-mode excitation currents
and gsp voltages.

A general combination of the gap voltages Vl, Vé, and V3 and

induced curreants I, and 12 can be expressed by the vector equations.

1

+ V, e (15)

l = Ivt»-e'n * 12ﬂ£2ﬂ

(16)

where Vﬂ » V‘?’t s

2n~mode voltage and current modes. L and e2’r are the unit vectors

Iﬂ and I2:t are the complex amplitudes of the x- and

for the n mode and the 2x mode defined by:

1
1 ,
= = -l 1
0
and
1
1 o
~en _V’; 1 (18)
o]

33 is the unit vector for the gap voltage in the third resonator cell

- 46 -
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23 (19)
1

¥We shall define the x mode interaction impedance zx by:
X
z = T (20}
The gsp woltages can be expressed in terms of ‘the induced current
by Eq. (9)
V=Y"1-=21 (21)

where :Ec is the circuit impedance matrix.

The unit vectors are orthogonal and V , can be found from

Vo= S Y (22)

where ?“ is the transpose of the unit vector L

Fram Eqs. (20), (21), and (22) we obtain

L SLTs
z){ = IK = Ix = e!( EO‘S‘K (23)

This impedance Zx ag predicted by the e ulvalent circuit of
Fig. 17 was compared with the impedance ZJJ. predicted by the two-mesh
circult uged in the efficiency calculationg. In order to perform the

comparison, it was necessary to rclate the two different impedance
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BYMBOLS

DESCRIPTION

Two-Mesh Clrcuit

Three-Mesh Circult

Band-center frequency

Two-gap resonator x-mode frequency
Filter cavity frequency

Uncoupled frequency of cavity #L
n-mode Q of two-gap resonator

Q of cavity #1

Filter cavity Q

Overail R/Q of two-gaep resonator in
n mode

(R/Q)l R/Q of cavity #1 defined at n-mode

frequency (= 1/2 w-mode R/Q of the
two-gep resonator)

(R/Q)3 Filter cavity R/Q

I.Q,‘2 Coupling inductance between filter
cavity and two-gap resonator

LOl Coupling inductancc between cavity

#1 and cavity #2

Equivalent inductance of two-gap
regonator at x-mode frequency

Inductance of cavity #L

TABLE IV

Degcription of the notations used in Fig. 18,
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used to determine the complex characteristlc frequencies of the clir-
cult is trauscendental. This is due to the fact thal the elements

of the electronic matrix contein exponential and trigonometric func-
tions of the frequency. The roots of the equation must therefore be

found nuerically. This wag done by computing the value of the de-

terminant as a function of the complex frequency on a dlgitsal computer.

The camplex frequency range where the roots would most likely be found
was scanned using gradually smaller frequency steps until thc roots
vere located with the desired accuracy.

The overall Q-factor of each mode can be found from its complex

resonant frequency. The Q-factor is given by

Q = 3 (25)

This definition is based upon the rate of decay of the energy stored
in the resonator. In cases where the resonant frequencies are close,
the Q of a mode cannot be directly reluted to iis response bandwidth.

As t! : beam loading in the resonator becomes more negative, the
overall Q-factor will increase and eventuslly become negative at the
point where the resonator Lreaks into oscillation.

From the knowledge of the overall G-factors with and without the
beam present we can Judge how close the resonator is to breaking into

oscillation. We shall define a gtablliiy parameter S by:

1p.F. Tuttle, "Network Synthesis," Joln Wiley and Soms, Inc., 1958,

Vol. 1, p. 716.
- 51 -
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In Eq. {26), Q, is the Q-factor of the resonator without tihe beam
preselt and Qtot is the Q-factor with the beam present.

Positive values of § indicate the prescnce of positive beam loud-
ing. Under thuese circumstances, the effective resonator circult load-
in, can be decreasced to zero without initiating oscillution. Negstive

values of S indicate that negative beam loading 1s present. In thie

.case the numerical value of S indicates the factor by which the G-value

of the circuit could be increascd before oscillation begins. Values
of 8 in the range -1 < 8§ < 0 indlcate that the resonator is unstable.

Computations were performed for beam voltages between 50 kV and
140 kV. The results are listed on Table V. The three characteristic
modes of the resonator are identified by numbers bhetween 1 and 3 ac-
cording to decreasing values of the real part of the characteristic
frequency. Mode 1 is close in frequency to the 2n mode, and mode 2
is close to the n mode, of the unloaded two-gap resonator., 'The real
and imaginary parls @' and ¢ of the characteristic frequencles are
normalized to the center frequency W, of the operating band.

It is seen that all of the main resonator modes ar. stable over
the calculated range of beem voltaeges. Mode 1 has the highegu cffrc-
tive Q-factor. Uhe negative beam loading of this mode is largest at
a beam voltage of approximately 70 kV., The stability parameter S in
this case is cqual to -2.1. This provides sufficlient safety egainst

oscillation.
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V.  TWO-GAP FILTER-LOADED RESONATOR COLD TEST

Introduction

Cold tesiing of a two-gap n-mode extended-interaction output
regonator with single-scction filter loading has been carried out in
parsllel with the theoretical investigation of the characteristics
of this type of rcecomalor (See Sections IX and iV). The results have
been encoursping, showlng the possibility of obtaining a resonalor
impedance similar to the one assumed in the large-slgnal efficlency
calculations., The various deluails of the sclcction of the resonator
parameters, the messurement methods, and the cold test resulis, are
described below.

Resonator Parameters

A drawing of the cold-test model of the filter-loaded output
regsonstor is shown in Fig. 19. In view of the results of the large-
slgnael efficlency calculations reported in the Third Quarterly Report,
the resonator interacting with the beam was chosgen to be a two-gap
structure operating in the x mode and with a normalized gap-to-gap
spacing of 2.2 radians (normalized at 5500 Mc and 140 XV). The
selected filter cavity was a rectangular cavit; integral with the
output wavegulde and operating in the TElOl wmode. DPreliminary
measurements on & filter ¢ vity of spproximately the corvect fre-
quency indiceted that its R/Q would be close to 190 ohms., Previous
cold test measurements on a uwo-gap resonator iike the one vsed had
shown that its R/Q would be approximately 140 ohms {See Section III

of the Third Quarterly Repor'.). To provide same guidelines on the
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required resonenl fregquency and Q@ of the filter cavity and the
r-mode freqguency of the two-gnp resonator, bafore they were coupled
together, sowe theoretical calculations of the rcsonator impedance
were carried out uming these values of B/Qn The celculstions were
basged on the same two-mesh equivalent circult anslysis that was
used 1n earlicer computavions of filter-loaded resonator ilmpedsnce.

One acceplable theoretical iwmpedance curve is shown in Fig. 20.
The regonator parameters for this case are indicated on the figure.
The values llsted there were used as approximute goals for the cold
tegl cavitieg. Il should Le noted thmt the values specified for
the frequency, Q, and R/Q of each cavity refer to the respeclive
quantities before the filter cavity is coupled to the resonator
interecting with the beam. (The Q of 2000 given for the two-guap
regsonttor is not critical, since the Q value is so high,)

The actual parameters achieved in the cold test resonator
pricr to cpening the coupling irls between the filter cavity and
the two-gup resonator are listed below. (The Q value listed for
the filter cavity is based on & Q definition in terms of half-power
frequencieg. This 1s consistent with the definition used in the
two-megh equivalent circult analysis.) The band-center freguency

goal was 5500 Mc.

Filter Cavity Parameters

Regonant frequency 5720 Mc
R/Q 195
Q 6

- 56 -
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Two-Gap Reponator Parameters

n-mode frequency 5825 Me
n-mode R/Q 14
n~mode Q 3000
M-aode fregquency HUO Mc

A comparison beiween these paremeters and those listed on
Tig. 20 shows that the two sets are close, bul do nol agree exuactly.
It was cxpected thal some further adjustments of the cold test cavi-
ties would be necessary Lo obtain the desired impedance characteris-
tics.

The coupling between the two-gap resonator and the filter
cavity {represented by the parnmeter LO/Ll in the cquivalent circuit)
was adjusted oxperimentally. This was done by gradually increasing
the size of the coupling iris in steps untll the required bandwidth
was obtained. In order to achicve the degired variation of impedance
with frequency, 1t was also necessary to slightly adjust the Q and
frequency of the filter cavity from the values listed vbove. The
measurement procedure uscd to deteywdne the resonator interaction
impedance is desceribed in Part C of this section,

The final results obtained with this cold-test resonator are

digplayed in Fig. 21, where the relative varistion of the renl part
of the interaction ilmyedance is plotied as a function of frequency.
This dmpedance curve is quite close Lo the one ussumed in the large-

signal efficicney calculations (Sce Fig. k4;. The cold-test eurve

could be further modified if desired by making addltional small
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ad justments in the resonstor parameters. Nowever, the resulis
presented here are pufficlent ({2 show the feapibility of obitaining
the desired output resonator impedance curve over a 1k percent band.

Meagurement Methods

The basic parameters (r sonant frequeacy, @, R/Q) of the filter
cavity and tie two-gap rescnator before they were coupled tcgether
were meagured using conventional cold tcst itechniques. (The measure-
nent methods noimslly used on single-gap resonators can also be used
on multi-gap structures providing the rescnator modes are vell sepe-
rated, as was the case in the two-gap resonator under consideration.)
The interaction impedance as a function of frequency of these indi-
vidual resonators can be calculated from the measured values of Q,
R/Q, and resonant frequency. Conventional cold test measurement
techniques are, however, not applicavle to the overall filter-loaded
resonator, since the usual concepts of resonant frequency, Q, and
R/Q have no meaning in this type of structure. Therefore, a new cold
test method had to be develop.d.

The procedure used to measure the interaction impedance of the
filter-loaded resonator 1s bLased on a method presented by E. Lakitsz.
In using this methed, an rf signal was fed tc the output waveguide
of the resonator through a waveguide glotted section. At each fre-
quency, the interaction gaps of the resonator were perturbed by

inserting a small quartz rod alnng the saxis, and the regulting change

2E. Leakits, "Measurement of the Interaction Impedance or a Klystron
Broadband Coupling Circuit," IRE Wescon Convention Record, Sesslon

27/2, 1961.
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in the reflection coefficlent phase angle was determined by a

direct measurcment of the shift of the standing-wave pattern. Lakits
hes shown that the real part of the resonator interaction impedance
is proportional to the change in the reflection coefficlent phase
angle, providing the resonator 1s nearly lossless and the perturba-
tion is small. (Scve Appendix A for a correction to one of his
equations which, however, does not change his genersl conclusions.)
These reqwuemonts were met In our cold test resonator by making it
from copper, and by selecting the size of the quartz rod so the
maximun -olft in Lhe standing-wave paltern was small compared to one-
quarter of the guide wavelength. As a check on our application of
the mcthod, the relative impedance of the two-gap resonator (without
thé filter cavity) was measured vs. frequency using the perturbation
technique. The results were compared with the ilmpedance variation
coleulated from measured Q values of the resonator {determined from
Q circles). This was done for two different values of Q. In both
cases, the agrecment between the two methods was excellent.

Lakits also describes a method for determining the phase angle
of the rescnator impedance but, due to & lack o1 time, these measure-
ments were not made. For the same reason, no attempt was mede to
measure the absolute value of the interaction impedance, nor was a
thorough search conducted to locate any higher-order resonator modes
which might cause instability problems. At least these latier two
measurements should be carried out before the resonatur could be con-
fidently built into a tube.
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Vi, CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

A, Conclusions

S

During the course of ihis contract, wc have shown the feasibility
of obtaining a 14 percent 1 db bandwidth from a C-bund klystron anpli-
E ficr with approximately 30 db of galn and with a predicted efficiency
in the range of 50 percent. The study leading to this feasibility con-
hk clusion was conducted analytically through the combined use of & small-
signal.computer program, described in the First Quarterly Report, and a
large-signal computer program, described in the First and Second Quarterly
Reports. The resonator pacameters used in the final calculations were
bas~d on cold test measurements. The beam paramelers agsumed in the
calculations were conslgtent with rcasonable gun design. q
Our study has shown thec¢ the best way to achleve the bandwidth
goal without unduly sacrificing galn or efficiency is to use conven-

tional single-gsp resonators in the buncher section and a two-gap

filter-loaded extended-interaction output resonator. The only element ;
included in the final tube model which is no% usually found in Klys-
tron amplifiers 1s the filter-loaded extend.d-interaction output

resonator., This element of the tube was kept as simple as possible,

conslstent with 2 high efficiency level, by restricting the number of

e

gaps in the extended-interaction resonator to two, and the number of
sections in the filter load to one. Particular emphasis was placed
on assuring the stability of this resonalor, as well as that of the
entire tube, The total number of resonators in the tube was limited
to se.en to keep the length as short as possible, and thus keep the
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. phase pughing Tactor Lo & minimum value. Higher gain could have been
realized by including additional resonators in the buncher section.
Calculations on the final klystron model show that it has good phasc
chiraceristics.

The 14 percent 1 db bandwidth value represents at least a 90
percent improvement over the current stute-of~the-art at the %) mega-
watt peak power level studied. No detailed investipgation was carried
out at lower peak power levels nor was CW operation studicd. However,
cold test results indicate that in both cases cven greater bandwidth

~ improvements may be possible. At the lower beam powers, the resonator
drift-tube dlameter would be smaller (for constant normalized diameter)
ylelding a wmore favorable resonator geomeiry and & consequent increase

- in the R/Q.

Calculations of the average power dissipated in the external loads
of the klystron model buncher resonators showed that ihe maximum dissi-
pution woull be less than one kilowatt when the tube 1s cperating at
an average outpul power level of 70 kllowatts. The limiting factor

in the average rf power output of the tube would be the heat dissipa- i

v e e e

tion characteristics of the drift tube section in the extended-inter-
action outpui. resonator. However, this should prezent no serious
problems, since the cold-test rosonator design was similar to the de-

sign of the Eimac X-3030 output resonator, a four-gap resonator which

e e e e st -+

has operated at a CW outpul power level of 500 kilowatts at X-band.

B. Recommendatiaw for Future Work

From the results of this study, we have concluded that a
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filter-losded two-gap n-mode oulput resonatlor is Lhe best cholce
for oblaining a wide bendwidth at a high efficiency level. The cold
ltesting of this type of resonator should be continued. The present
cold test method should be extended, or a new method developed, by
which the sbsolute magnitude of the resgonator interaction impedance
can be determined. In addition, a thorough search should be made
for higher order modes which might cause oscillation problems.
Extended-interaction resonators with mode overlapping should be
studied. It was stated earlier in this report that conventional
single-gap resonators are 1o be preferred over extended-interaction
resonators in the klystron buncher section at the power level and
frequency considered in this study. However, because of limitations
in the existing theory, the investigation of extended-interaction
regonators in this contract was limited to single-mode regonators.
The theoretical analysis assumed that only one resonator mode is
excited at a time. The cold-test resonators were deliberately con-
structed to have a large frequency separation between the two modes,
thus assuring & minimum excitation of the non-operating mode. But
the results reported in Section ITi-C of the First Quarterly Report
indicuted that there is alwmys an appreciable excitation of the nelgn-
boring mode in a two-gap resonator even though the frequency sepsra-
tion be.ween the modes i3 large. It follows that the pimultaneous
excitation of more than one mode will aslways be present to some extent
in extended-interaction resonators and mey play en important part in

their behavior. It is therefore important that the effect of mode
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ov. rlapping be sptudied. It is possible that full wse 1s not being

made of extended-interactiua resonntors unless signiflcant mode over-
lapping is allowed. We fecl that the optimum degree of mode overlapping
and the sclection of optimum resonatnr design parameters should be
determined by further analysis.

Since multi-mode operation of extended-interaction resonators
has not been studied, =all the possible benefits .f this Lype of operua-
tion arc not known. However, one beneficial result is immediately
evident from the cold test measurements made in thig contract: as
the freguency separation between the resonstor modeg is decr=ased,
yielding & greeter asmount of mode overlapping, the resonator R/O in
the x mode incresses. (m-mode resunators are ghown to be the best
choice for both the buncher section and the output resonator in this
study.) An expected benefit of utilizing more than one resonator mode
is the achievement of the higher interaction lmpedance over & greater
bandwidth. If this can be dane, it is possible that the performance
of o filter-loaded single-mode resonator can be matched or even ex-
ceeded by a multi-mode resonator without a filter load. The elimina-
tion of the filter cavity would greatly simplify the desgign of the

output resonator,
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GLOSSARY OF SYMBOLS

Equivalent cavity capacitance
Gap length

Unit vector for the filter cuavity of Fig. 17,
defined by E;. (19)

x-mode unit vector; defined Ly Eq. (17)
2n~-mode unit vector, defined by Eq. (18)
Circuit conductance

Beam-loading conductuncce

RF currents circulating in the cavities ot a filter-
loaded resonator, defined in Fig. 17

(Section IV) Induced rf currents in the gaps of a
fllter-loaded resonator, defined in Fig. 17

(Sections II, ITI) Fundamental rf beam current
Complex current amplitudes of the x mode and 2n mode
Induced rf current column vector, defined by Eg. (10
D¢ bean current
Induced rf gap current
Axial length
Equivalent cavity inductance
Equivalent coupling inductance in a filter-louded

7, 8cc

regonator (iwo-mesh circult; Fig.
Report)

oud Quartierly
Equivalent coupling inductance between the cavities
of an extended-interaction resonator, defined in Fig. 17

Equivalent coupling inductance between the filter cavity
and the two-gap rcsconator, defined in Fig. 17

Resonator number
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Spacing between the -enters of ihe gaps 1u an
extendcd-interaction resonator

Power dissipated in a resonutor load
Total loaded Q (also called QL)

Beam-Y caded

External Q

Egquivalent cavity resistance

Resonator impedance quality factor
Stsbility parameter, defined by Eg. (20)

Column veclor, defined by Eg. (59) of the First
Quarterly Report

DC beam velocity

¥ kinetic voltage

RN gap voltage

RF gap voltage column vector

DC beam voliage

Induced rf gap voltages in & filter-lcaded resonator,

defined in Fig. 17

Complex voltage amplitudes of the n mode and 2x wmode

Normalized axial distance (y = 5ez)

Transfer admlttance betiwzen two resonator gaps
Circuit admi
Electronic admittance (beam-loading edmitbance)
Electronic admittance matrix

Axial coordinate

Resonator shunt impedance (interaction impedance)
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Rutio of the de Leam voltape to the de bewam current
Interaction impedence of filter-louded resonator us
tound from the two-mesh eircuii (Fig. 7, Second
Quarterly Report)

Circuit impedance matrix

n-mode intcraction lmpedence, defined by Eq. (20)
Normalized rf gep voltage megnitude (O = |V|/V0)

Propagation factor associated with the de beam
velocity (Be = w/uo)

Plasma propagation factor (ﬁq = wh/uo)

Coluan vector defined by Eq. (60) of the First Quarterly
Report

Klystron conversion efficiency

(Sections II, III) Phase of the rf gap voltuge
(Section 1v) Imuginary part of the complex fregquency
Resonator impedance phase angle

Angular frequency

Real part of the complex frequency

Angular resonant frequency of the nth resonator

Angular frequency at the center of the band

Reduced angular plasme frequency
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APPENDTX A

PERIVATION OF A CORRECTED LEQUATION USKD IN THM

CuLD TEST PROCEDURE FOR FILTER-LOANKED RESONATORS

The procedure uged in this contract to determine tne dnteraction imped-

D}
ance of filter-loaded resonators Is based on u method suggested by E. Lidkdts™.

In his method, an rf slgnal is fed to the output port of the resonator
through a siotted secction of the transmission line or waveguide. The change
in thie phase of the reflection coefficlent looking into the output port is
mva;urod when the interaction gap(s) o1 the resonalor is perturbed. The
lasy equation in the sccond section of Lakits' paper shows that this chunge
in the reflection coefficient phase ungle is proportional to the read part
of the resonalor interaction impedance, providing the resonalor is necarly
lossless and the perturbation is swall. However, there uppears to be an
error in the proportionality and, in addition, this cguatlion does nol follow

from his preceding equations. The equation under discussion is
A = any (a-1)

where

@ = reflection coefficlent phase angle

Q

]
H
[g]
EJ
3

art of the resonator inleraction impedance

Y = cquivalent admittance of the interaction gap(s)

~
“E. Lukits, "Measurement of the Interaction Impedance of a Klystron Broad-
bund Coupling Circuit,” IRE Wescon Convention Record, Sussion 27/2, 19ul.
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A correctea version of this equation, whicn ic slso consistent with
ihe carlier cquations of the sccond scetion of Lakits' paper, is derived
below.

The definition of the resflectlon cocfficient p can be written in the

form
By - Ty Yo - ¥ o
P =« + =g v ~c f
LL Zo 10 * )L
where
LY = l/’ZO = admittance of the transmission line
L 1/7,L = admittance of the load

Usually, Yo is recal end YL is complex. That 1s,

Y, = G+ B (A-3)
In which casge
_ 2 BL Y \
g = tan 5 - (A-1)
Y |© -Y©
l L' o]

In Lakits' paper, all admittances are normalized to the admittance of

the transmission line., Also, the load admittance Y. is the admittance look-

L

ing Into the outpul port of the resonator and is denoted by Y Since the

ot

resonator is assumed io be lossless, Y, is purcly rcactive. It folluws that

Y = 1 (A~ )



(1-6)

Scbytituting these last two equations into Eq. (A-4), we obtain

2B { -2 X
-1 ) - 2
g = tan .—...2__?_—_ = tan 1 -—-_2__,_.. (A_’?)
B, -1 ‘le -1

T™e rate of chauge of ¢ with respect to Y2 may be found by
differentiating Eq. (A»?). Provided the perturbation causing the

change in Y2 is small, we find

o5 = -2l ay (A-8)

In Lakits' notation, Y, ¢/D, 4, = AY/DP', a = 1/(1)2-02), where

C and D are elements of a matrix relating the vf voltage and current
at the interaction gap(s) to the voltage and current at the resonator

output port. Using this notation, Eg. (A-8) hecomes

oy = b X (A-9)

1-(,2/1)21}2

& = 2ia (2-10)

E-, (A-10) is the corrected Eq. {A-l). If the perturbation of
the interaction gap(s) is purely reactive, AY is imaginary and there-

fore O3 1g real,

N »
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APPENDIX B

SUPPLEMENT TO REPORI RO, ECOM-01362-4

KEY TECHNICAL PERSORNEL

Following are the key technical personnel who worked on Contract
DA 28-043 AMC-01362(E) during the finsl period of the program. Also

listed are the hours charged to the job by each individusal.

Erli% Lien
Sr. Gtaff Research Scientist 2 hours

J. Darrell Robingon

Sr. Development Enpgineer 819 hours
Marta Ferry
Mathematician 108 hours

PUBLICATTONS, REPORTS, LECTURES, AND CONFERENCES

There were no publlications or reports publisghed, or lectures presented
in comnection with the regearch performed under this contraci during the
period covered by this report.

There was one conference during this pericd. It was held at Eimac
on HMay 3, 1506. Thowse attending were: Park Richmond frow the U.5. Avay
Electronics Command, and Bill Luebke, Erlipg Lien, and Darrell Robinscn
from the High Power Microwave Tube Laboratory.

Frogrecs on this contract during the third quarter was outlined and

discussed. In addition, some of the preliminary resulis of the efficlency




calculations acroes the band with a filter-losded output resonator were
presented. It was agreed that further study should be given this type of
resonator beth theoretically and in cold test. The theoretical ptudy was
t0 include an inveptigation of the stability of the resonator. It was
also agreed that the small-signrs’ galn regponse of the buncher section

should be recomputed using the latest cold test values of R/Q for the

TesonAtors.
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